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Abstract

Climate stabilization scenarios emphasize the importance of land-based mitigation to achieve ambitious mitiga-

tion goals. The stabilization scenarios informing the recent IPCC’s Fifth Assessment Report suggest that bioener-

gy could contribute anywhere between 10 and 245 EJ to climate change mitigation in 2100. High deployment of

bioenergy with low life cycle GHG emissions would enable ambitious climate stabilization futures and reduce

demands on other sectors and options. Bioenergy with carbon capture and storage (BECCS) would even enable

so-called negative emissions, possibly in the order of magnitude of 50% of today’s annual gross emissions. Here,

I discuss key assumptions that differ between economic and ecological perspectives. I find that high future yield

assumptions, plausible in stabilization scenarios, look less realistic when evaluated in biophysical metrics. Yield
assumptions also determine the magnitude of counterfactual land carbon stock development and partially deter-

mine the potential of BECCS. High fertilizer input required for high yields would likely hasten ecosystem degra-

dation. I conclude that land-based mitigation strategies remain highly speculative; a constant iteration between

synoptic integrated assessment models and more particularistic and fine-grained approaches is a crucial precon-

dition for capturing complex dynamics and biophysical constraints that are essential for comprehensive assess-

ments.
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Introduction

The recent IPCC assessment established a comprehen-

sive picture on bioenergy (Creutzig et al., 2014; Smith

et al., 2014). It is clear that great uncertainty surrounds

the key questions of sustainable potential and mitigation

effects. Importantly, different communities approach

this topic with a different vocabulary and – while

broadly consistent – emphasize different conclusions.

Climate stabilization scenarios, and in particular inte-

grated assessment models (IAMs), explore the long-term

solution space for climate change mitigation. They con-

stitute the backbone of IPCC mitigation reports. Due to

the complexity of the underlying bio-geophysical and

socioeconomic systems, recent studies have called for

increasing interaction between physical, biological, and

social scientists for creating the next generation of IAMs

in general (Moss et al., 2010) and for bioenergy specifi-

cally (Creutzig et al., 2012a,b; Meller et al., 2013). This

perspective looks at a particular but crucial subset of

assumptions in IAMs that study future bioenergy

deployment: yields and effects on global warming, as

part of an economically constrained model. It then com-

pares these assumptions with findings of ecologically

minded studies, which emphasize biological and/or

physical factors (e.g., Haberl et al., 2013a). IAMs broadly

capture many important findings from ecological stud-

ies. But the latter suggest that IAMs could sample more

densely a certain part of the assumption space to more

comprehensively reflect the findings from fine-grained

studies. The different choices in emphasis may be

grounded in varying explicit or implicit objective func-

tions and have considerable implications for assess-

ments.

Technical potential

How much bioenergy can be supplied? Several analyses

have tried to estimate the sustainable technical potential

of bioenergy. Reviewing eight studies on the technical

potential of bioenergy in 2050, Dornburg et al. (2010)

consider food, water, and biodiversity constraints,

focusing mostly on studies from integrated assessments

and economic estimates; they find a technical sustain-

able potential between 200 and 500 EJ yr�1. Creutzig
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et al. (2014) find that about 100 EJ from different sources

could be deployed sustainable, and possibly much more

(up to 900 EJ), but at steadily increasing risks to sustain-

ability. Haberl et al. (2010) estimate a sustainable techni-

cal potential of energy crops in 2050, reviewing three

detailed studies, based on three different methods that

consider environmental targets. The estimated potential

for energy crops is 81 EJ yr�1, with a range from 44 to

133 EJ yr�1 [for a similar result see (Sch€uler et al.,

2013)]. Together with residues from forestry and agri-

culture, this amounts to a total sustainable technical

potential of 160–270 EJ yr�1. In contrast to the technical

potential, IAMs estimate economic potentials: how

much bioenergy could cost-efficiently be produced in

climate change mitigation scenarios. IAM studies, in

general, display a range of uncertainty, projecting

between 20 and 300 EJ yr�1 bioenergy actual

deployment in 2100 (Fischedick et al., 2011). In these

assessment models, bioenergy deployment is driven by

climate change mitigation, indicating higher deploy-

ment for more ambitious mitigation targets. The upper

range (>200 EJ) of what is suggested to be economically

plausible and contributing to climate change mitigation

is contested both in feasibility and normative desirabil-

ity. Where one community sees chances, the other sees

risks. It is hence important to understand the divergent

intuitions of different communities.

The IAM perspective

Several options would enable future bioenergy deploy-

ment beyond 200 EJ. First, high yields of energy crops

would imply low land demand. Second, high yield

growth in food crops would free land for bioenergy.

Third, land currently unused could be utilized for bio-

energy. And forth, energy crops could substitute for

other existing land use.

Integrated assessment models make use of these

options in modeling potentially high bioenergy yields.

Several examples illustrate these options. Edmonds et al.

(2013) judge 300 EJ yr�1 as feasible, pointing to a car-

bon-price-induced diet shift away from meat to a vege-

tarian diet, which would provide another 250 Mha for

bioenergy. Kriegler et al. (2013) assume that bioenergy

supply of 200 EJ yr�1 can be obtained from abandoned

land, referring to IPCC scenario A1 in figure 7 (Chapter

4) on p. 103 of Hoogwijk (2004). figure 7 (Chapter 3) of

Hoogwijk (2004) shows that this ‘abandoned’ land is

currently agricultural land in use, which is modeled to

get abandoned between 2000 and 2050 by increases in

agricultural productivity. In Hoogwijk (2004; see also

Hoogwijk et al. (2005)), the 1300 Mha area of available

abandoned agricultural land in 2050 are obtained from

a transformation of currently productive agricultural

land from 1998 until 2050 (the total agricultural land for

food production is reduced by approximately 50%).

This is possible by an assumed high increase in agricul-

tural productivity of about a factor of 2 and with bioen-

ergy produced at in average about 40 t dry

biomass ha�1 yr�1. A review of IAM models finds that

future bioenergy yields are assumed to hover between 8

and 26 t ha�1 yr�1 (or 160–490 GJ primary energy yr�1)

(Popp et al., 2014).

Clearly then, high yields are more often than not the

most important modeling component in IAMs enabling

high bioenergy deployment. It is hence important to

investigate the plausibility of these yields assumptions.

And indeed, such high yields are possible, in principle.

Field trials have demonstrated yield potentials of bam-

boo and miscanthus of about 3–50 t ha�1 yr�1, depend-

ing on nitrogen, water, temperature, and plant density

(Hong et al., 2011). Other sources identify field trials

with 30 t ha�1 yr�1 in Southern Europe for irrigated mi-

scanthus and 10–25 t ha�1 yr�1 for nonirrigated miscan-

thus (Lewandowski et al., 2000). More generally, the

potential biofuels from miscanthus, switchgrass, and

sugarcane are exceeding that of corn ethanol by a factor

of 2–3 if agronomy and genetics are improved (Heaton

et al., 2008). Climate change also offers positive feed-

backs on yields: Higher atmospheric CO2 concentration

induces CO2 fertilization, specifically of C3 plants, that

is argued to increase yields (e.g., CO2 fertilization effect

seems to be relevant in Van Vuuren et al. (2011)). Hence,

the assumptions of about 8–26 t ha�1 yr�1 reported in

IAMs can be justified. IAMs point to a consistent carbon

price for both biospheric and fossil carbon as a precon-

dition to fully realize these potentials. Under this condi-

tion, and with additional land demand for other

purposes such as food production, the value of land

would increase rapidly and globally and market forces

would foster high yield growth. How does the ecologi-

cal perspective contrast these assumptions?

The ecological perspective

Researchers coming from an ecological perspective

argue roughly as follows. Currently, bioenergy from

biomass consumes about two order of magnitudes more

land than solar and wind energy per unit primary

energy (Dijkman & Benders, 2010). This high land inten-

sity requires an estimation of the amount of land avail-

able that leaves the biosphere largely intact. Humans

appropriate currently around 30% of the net primary

aboveground productivity (NPP: the net amount of car-

bon assimilated in a given period by vegetation), which

translates into around 300 EJ yr�1 of gross primary

energy used for human purposes, notably food, but

including traditional bioenergy (Haberl et al., 2007). This
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amount of human impact leads already to unprece-

dented biodiversity loss (Haberl et al., 2013a). The fear

is that considerable deployment of bioenergy would

escalate this situation. A second argument is that the

NPP without human interference serves as a benchmark

for productivity (Field et al., 2008). For example, the

agricultural systems have on average around 35% less

NPP compared to native vegetation on the same lands

(Field et al., 2008). Starting from this position, Field et al.

(2008) suggest that about 0.4 Gha area of abandoned

land would be available in 2050, which has a net pri-

mary production of around 3.2 tC ha�1 yr�1, about 1/5

of highly productive tropical forests (DeLucia et al.,

1999). These estimates result in 27 EJ yr�1 that could be

harvested from abandoned land without interfering

with food security. That study also has a conservative

understanding of the possibilities of technological

change. In contrast, the review of Haberl et al., 2010

mentioned above allows for 2–3 times higher yield tech-

nically attainable than estimated in Field et al., 2008.

A decisive question is how close real world yields can

get to technically possible yields (see on this also fig. 5

in Smith et al. (2012)). Average worldwide yield in

commercial production is consistently far below maxi-

mally observed yields (Thomson et al., 2009) for the case

of switchgrass. Corn yields are in average worldwide

below 5 t ha�1 yr�1 (Bruinsma, 2009), while specific

parts of world exceed that average by a factor of 2.3

(e.g., DeWitte, 2009), and highest yield fields exceed that

average by a factor of 4.5 (Elmore & Abendroth, 2013).

These high yields, tuned for winning competitions, may

require uneconomically high water and management

input (Elmore & Abendroth, 2013) and are not mirrored

in average yield increases (Duvick & Cassman, 1999).

Evidence also suggests that yields grow linearly, not

exponentially (Fargione et al., 2010). The FAO assumes

an agricultural productivity increase of 1.63 and projects

an increase of agricultural land for food production by

70 Mha from 2005 to 2050 (Bruinsma, 2009) needed to

feed 9 billion people. In that case, no land would be

freed up for bioenergy. Haberl et al. point to three other

factors that potentially could lead to a downgrading

future deployment: (1) Negative climate effects are

likely to outweigh positive climate effects [heat events

have reduced yield growth rate by about 10% from 1980

onwards (Lobell et al., 2011)], and the CO2 fertilization

effect is highly uncertain, with reduced tree longevity

offsetting the effect (Bugmann & Bigler, 2011) and with

water and nitrogen availability constraining its magni-

tude (Reich et al., 2014); (2) biomass plantations could

compete with food for water resources, and other food-

energy market interactions; and (3) removing residues

could have a negative effect on soil carbon and reduce

fertility. Hence, in total, this ecological side of the

literature suggests that high-yield scenarios in IAMs are

mostly unrealistic.

Implications for the carbon balance

Yield expectations have important implications on the

expected global warming contribution of bioenergy

deployment. Several communities intensively debate

these issues, widely diverging in their approaches and

resulting estimates (Bright et al., 2012; Schulze et al.,

2012; Searchinger, 2012; Haberl et al., 2013b). The high

variance in identified effects is mostly based in different

boundaries of analysis. Crucially, when analytically

boundaries reflect a wider variety of plausible assump-

tions, uncertainty increases considerably. For example,

with wide boundaries of analysis and considering

today’s corn ethanol, the structural uncertainties

become overwhelming and the net effect of bioenergy

deployment could be net positive or net negative (Ple-

vin et al., 2010). Modeling long-term bioenergy futures,

at least three effects, should be explicitly considered:

first, the co-occurring emissions from fertilization and

soil emissions; second, the market-induced emission

from indirect land-use change, and the market-induced

rebound effect in fossil fuels (Creutzig et al., 2014);

third, the baseline carbon opportunity costs for not

allowing abandoned land to regrow forests.

It is important not to confuse foregone land carbon

uptake with ILUC emissions. ILUC and rebound effects

in fossil fuels are highly relevant (Creutzig & Kammen,

2010; Gawel & Ludwig, 2011; Plevin et al., 2014) but can

be excluded by assumptions in models – for example,

by protection of global land carbon sinks and/or a glo-

bal cap on GHG emissions – a courageous assumptions

both on politics and, perhaps more importantly, on

implementation. In contrast, land carbon stock dynam-

ics represent biophysical processes and must be prop-

erly accounted for. The first two dimensions have been

at least conceptually introduced into IAMs and their

partnering land-use models (Wise et al., 2009; Popp

et al., 2011). The third one has been only introduced into

the IAM IMAGE (Vuuren et al., 2013) and deserves

further discussion.

The land carbon stock dynamics need to be contextu-

alized with the net land carbon sink. The net land

carbon sink is about 1.1 (0.4–1.8) PgC yr�1 in the 2000s

(Khatiwala et al., 2009), estimated by the balance

between measured and modeled C-change in the atmo-

sphere, overcompensating emissions from land-use

change. Taking the United States as an example,

noncrop, nonforest land absorbs about 0.11 PgC yr�1 on

300 Mha yr�1 or 36–39 gC m�2 (Pacala et al., 2001). In

units of carbon, integrated assessment models (ReMIND/

MAgPIE; GCAM; IMAGE) foresee a productivity of
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primary energy (160–490 GJ ha�1 yr�1) that in units of

carbon fixation would correspond to 1.28–3.92 PgC yr�1

on 300 Mha or 430–1300 gC m�2 (assuming that 1 PgC

corresponds to 37.5 EJ primary energy). The lower

bound corresponds to assumed yield on marginal or

abandoned land in the IMAGE model, roughly overlap-

ping with the noncrop, nonforest land in Pacala et al.,

2001;. In that case, the foregone land carbon fixation

would be around 8.6% of the carbon uptake in the

bioenergy case. In other words, the yield corresponds to

11 times the carbon fixation rate of the net primary pro-

ductivity. Hence, the carbon opportunity costs are sig-

nificant but small. If there were a newly emerging forest

on this land, fixating 200 gC m�2 yr�1 over its first

50 years, carbon opportunity costs would amount to

47%. If yields were lower than modeled, and remain, in

average, below NPP (a likely consideration according to

Haberl et al. (2013a)), carbon opportunity costs could

be higher. But under the high-yield assumptions in

most IAM model runs, carbon opportunity costs remain

low.

Van Vuuren et al. (2013) present an IAM that is

sensitive to most of the concerns raised above. For

example, in section 3, they discuss the feasibility of

large-scale bioenergy deployment and the availability

of CCS technologies, putting their assumptions into

context. As a result, they assume a default land-use

emission factor of 15 gCO2/MJ produced bioenergy

(based on some literature review and some calcula-

tion with their IAM mode, IMAGE), reducing the

BECCS net effectiveness by about one-fifth. While

other values could be equally argued for, this

assumption is more appropriate than setting the emis-

sion factor implicitly to 0 gCO2/MJ. Such an implicit

assumption most likely leads to a systematic overesti-

mation of the estimation potential of bioenergy, or

alternatively, a systematic underestimation of the area

needed for mitigation by bioenergy. Another example,

reflecting insights from the ecological perspective, is

Rose et al. (2014) who limit modern bioenergy deploy-

ment to 100 EJ yr�1 reflecting various ecological con-

cerns.

The diet-shifting possibility, indicated for example in

Edmonds et al. (2013), has potential downsides. In an

unequal world, the affluent may well be able to con-

tinue paying for meat, while the global poor, who live

on a mostly vegetarian diet to start with, get more

deprived of food. Even as diet shift might be a desirable

goal in terms of public health and climate mitigation,

carbon-price-induced food price change could counter

the original goals of climate change mitigation –

improvement of human welfare, especially that of the

most vulnerable. Hence, such assumptions deserve

additional scrutiny.

Implications for negative emissions

What are the consequences of this discussion for negative

emissions? The IPCC’s AR5 has identified bioenergy

with carbon capture and storage (BECCS) as a focal

mitigation option to keep global warming below 2°C
preindustrial levels. IAMs suggest that negative emis-

sions from BECCS could accumulate to more than 270

PgC, essentially doubling the available emission budget

(Fuss et al., 2014). For example, a recent study reports

close to 160 PgC cumulative abatement until 2095

(Humpen€oder et al., 2014). Here, BECCS becomes cost-

competitive in 2065 and abates 5.5 Pg C yr�1, limited by

geological storage options. Crucially, the model (MAg-

PIE) assumes 1.38% annual yield improvements in its

medium scenario. The resulting high-yield bioenergy

plants can then deliver relatively low land-use primary

energy, contributing to making BECCS competitive. But

as reported above, yield growth is estimated to be lower

in other literature. Specifically for the BECCS case, Kato

& Yamagata (2014) perform a bottom-up assessment

of required yield rates. They use the Soil and Water

assessment tool (Nietsch et al., 2005) to find that only

second generation biofuels, in particular miscanthus,

would be sufficient to deliver a maximum of 3 Pg

C yr�1 removal. Specifically, they assume that yields

could increase indeed by more than 1.4%, but would

level off after 2050. Miscanthus for BECCS would then

imply a 77% increase in fertilizer application in 2100

(5.2 Pg C cumulative penalty). In comparison,

Humpen€oder et al. (2014) point to 8.2–13.6 Pg C in their

model, corresponding to 120–200% increase in N2O

emissions over the century.

Two conclusions emerge from this particular compar-

ison: (1) Yield assumptions are not only relevant for the

plausibility of large-scale bioenergy deployment, but

indirectly also for the feasibility of large-scale BECCS;

(2) fertilizer input is a crucial variable determining the

efficiency and sustainability of bioenergy and BECCS:

On the one hand, fertilizer input would reduce the over-

all efficiency of carbon sequestration (at acceptable

levels of less than 10%); on the other hand, the required

fertilizer input could more than double from today’s

levels, while the global and local boundaries of the N

cycle are already overstretched and affecting overall

resilience of ecosystems via acidification of terrestrial

ecosystems and eutrophication of coastal and freshwater

systems (Rockstr€om et al. 2009).

Another negative emission option, and alternative to

BECCS, is an enhancement of the land carbon sink.

Edmonds et al. (2013) report a net terrestrial carbon

sequestration of 55–190 PgC between 2020 and 2095,

resulting from afforestation as a response to a carbon

price. But they do not specify the land, soil, water, and

© 2014 John Wiley & Sons Ltd, GCB Bioenergy, doi: 10.1111/gcbb.12235
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other resource requirements. Smith & Torn (2013) report

that afforestation of 74 PgC over the same time frame

would already require 200–1000 Mha of additional land

(with higher probability on the higher end). This land

requirement could harm food production and/or the

remaining ecosystem services. Fertilizer input would

increase fertilizer consumption by 20–75% above today’s

level, with considerable downstream consequences;

water demand could further increase water stress in

some world regions. Edmonds et al. (2013) again point

to high expected yield increases that would reduce the

scale of these problems. Smith and Torn discuss the case

of 15 Mha afforestation per year. Edmonds et al. (2013,

SOM) report 1800 Mha afforestation between 2015 and

2095 in their T1(Ref)xIdealized scenario (global cropland

in the early 2000s extents to 1500Mha), corresponding to

22.5 Mha yr�1 on average, but with most land-use

change occurring between 2020 and 2025 (around

200 Mha yr�1, SOM fig. 7). It is unclear where these

upfront around 1000 Mha would be coming from and

what the systemic consequences on livelihoods and bio-

diversity would be. In their discussion of Smith & Torn

(2013) in the special issue, Tavoni and Socolow conclude

that ‘this paper [. . .] raises the prospect that biological

versions of carbon dioxide removal (CDR) may largely

transfer environmental risk from the atmosphere to the

land’.

The main result of Edmonds et al. (2013), Chen &

Tavoni (2013), and Kriegler et al. (2013) is that carbon

dioxide removal technologies like direct air capture,

BECCS, and afforestation could produce negative emis-

sions in the second half of the century and, by this,

reduce emission reduction costs in the first half of the

century. The results are specific to assumptions on cli-

mate stabilization scenarios, global cooperation, costs,

and interaction with other technologies. Uncertainty on

all these assumptions is very high. This uncertainty

needs to be contrasted with the ‘perfect foresight’ in

many IAMs, an assumption that implies that decision

makers have perfect knowledge of future development

given their decision. For example, Chen & Tavoni (2013)

state: ‘As WITCH assumes perfect foresight, policy

makers look forward to negative emissions, and the

result is more emissions in the near term and fewer in

the long run’. But decision makers act under high struc-

tural uncertainty. Hence, CDR technologies need also to

be investigated in light of robust decision making (Hall

et al., 2012; Kunreuther et al., 2012), portfolio manage-

ment (Fuss et al., 2013), and/or Bayesian learning.

The most relevant overarching assumption might be

that of institutional feasibility. To realize bioenergy as a

low-carbon technology, land-use emissions (specifically

ILUC) need to be avoided. In IAMs, this is typically

realized by the assumption of a global carbon price,

including a price on the land carbon stock. This not only

requires a global agreement but also global enforcement

on every hectare land. Common assumptions chosen in

IAMs (200 EJ bioenergy available; carbon stock dynam-

ics approximately irrelevant; ILUC can be avoided;

BECCS cost competitive) display only a small sample of

the overall assumption space, focusing on the corner of

technological and political optimism.

Conclusion

This paper finds that a central result of the IPCC assess-

ment – bioenergy and BECCS as main mitigation option –

hinges on a few crucial assumptions in integrated assess-

ment models. The discussion demonstrates that yield

assumptions, in particular, take center stage and – while

theoretically possible – remain speculative. Specifically,

evidence suggests that yields grow linearly, not exponen-

tially; that biophysical limits imply a leveling off of over-

all yields; and that in practice yields stay 50% of

theoretically plausible yields. If high yields were to be

achieved, the assumption of the integrated assessment

models implies massive fertilizer application with likely

harmful consequences for global and local ecosystems.

The different assumptions and emphasis in ecological

studies and IAMs would translate into pointedly differ-

ent outcomes. In high-yield worlds, both food production

and bioenergy productions could be secured without

compromising the land carbon stock, biodiversity, and

livelihoods (Dornburg et al., 2010; Popp et al., 2011;

Edmonds et al., 2013). Ambitious climate mitigation tar-

gets become feasible aligning well with economic growth

(Fischedick et al., 2011). The availability of BECCS or

other land-related CDR technologies would enable fur-

ther climate mitigation (Edmonds et al., 2013; Kriegler

et al., 2013). In contrast, if high yields are not realized in

the presence of large-scale bioenergy deployment, harm-

ful consequences are significantly more likely to occur as

bioenergy relies on land as input factor compromising

potentially other land uses. Specifically, land expansion

might lead to high loss in land carbon stocks (Melillo

et al., 2009; Creutzig et al., 2012a,b) and ecosystems and

biodiversity deterioration might accelerate (Raghu et al.,

2006; Scharlemann & Laurance, 2008); alternatively, guar-

anteeing food security and livelihoods might become

more challenging (Godfray et al., 2010; Warner et al.,

2013), especially when integrating place-specific effects

(Creutzig et al., 2013; Hunsberger et al., 2014). These

diverging outcomes indicate the need of a proper discus-

sion of which alternative assumption sets need to be

tested to not only present the full solution space, but also

the full possible assumption space.

This overall discussion (summarized in Table 1)

reveals two different perspectives on future bioenergy
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deployment. While both communities explicitly

acknowledge the relevance of considering all factors,

integrated assessment models tend to emphasize eco-

nomic dynamics and long timescales, whereas ecologi-

cal models are more grounded in biophysical processes

and today’s observations. The integrated assessment

models see the global picture, the key relationships

between aggregated factors, and ensuing equilibrium

effects. The ecological community has a more particular-

istic approach and often identifies effects that appear on

smaller spatial scales or by analyzing more detailed

variables, and as a result sees more risks. An increased

awareness of each others’ intuition and analytical

dimensions could benefit the overall assessment on bio-

energy futures, iterating between formulating global

strategies and managing particular risks.

Independent of the use of specific assumptions on

bioenergy, this analysis suggests a modified use of

IAMs for assessment making. First, studies would profit

from shifting emphasis to presenting and discussing

assumptions, and possibly their likelihoods. Second,

studies could systematically analyze the robustness of

proposed strategies by analyzing the risks of failure if

certain conditions are not or only partially met. Third,

promising strategies could include portfolio manage-

ment and adaptive Bayesian learning. These modifica-

tions would allow a proper contextualization of the

presented solution and would enable decision makers

to fully hedge their strategies.
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